INTRODUCTION
The use of neutron activation analysis in determining selected metals in tobacco and cigarette smoke has been reported earlier (1 -9) . Several reports have been made (1 -16) on the analysis of halides in tobacco and in mainstream smoke. There has generally been a lack of published data reporting material balances on the halogens and their distribution into mainstream and sidestream smoke. Chlorinated organic compounds consisting of methyl chloride, chloroform, and ethyl chloride have been reported in the mainstream gas phase (15). This present study describes methodology by which one is able to obtain a material balance of the halogens present in the 1R1 Kentucky reference cigarette and their distribution into total smoke. The mainstream and sidestream c:hemical compositions were also investigated.
EXPERIMENTAL

Cigarettes:
The cigarettes used throughout this study were the 1R1 University of Kentucky reference cigarettes.
Neutron Irradiation: Cigarettes were individually heatsealed in polyethylene tubing of 9 mm inside diameter. The tubes containing the cigarettes along with standard solutions containing NaCl and KBr were placed inside * Presetn~, in pari, at the 5th Symposium on the Reunt Developments in A~tivation Analysi•, Odord, Entland, in July 1978.
Rtceiv~: 27th Nonmber 1981-ac~ept«\: 24th May 1982. a nylon rabbit irradiation vessel. The samples were irradiated in the University of Virginia 2-megawatt swimming pool reactor for ten minutes at a neutron flux density of 3 X 10 11 neutrons cm-z s-1 • The standard salt solutions provided accurate dosimetry of the neutron flux for each exposure. After the irradiations, the tube5 were immediately opened and placed inside a lead container for transport to the smoking ma.dllne.
Cigarette Smoking:
The activated cigarettes were immediately transferred from the lead containers into a total smoke collection mac:hine (17) and smoked under standard conditions. The operation of this type of smoking mac:hine has been reported earlier and was modified in the way the gas phases were collected.
Gas Phase Collection and Analysis:
Two types of gas phase collection were employed. The first consisted of the quantitative measurement of the total halogen content of the gas phase. This was accomplished by passing the smoke, after it exited the Cambridge filter, into a furnace (800 °C) filled with quartz chips. The Cambridge filter pad effectively removed the particulate phase (TPM) of the smoke. The quartz furnace at this high temperature converted the organohalogens to either the diatomic halogen or the hydrohalogen acid. Using a modification of the tedmique of TrutnotJsky and Sakla (18) , the halogens were immediately adsorbed on 5 g of silver wool (400 °C). The silver wool was counted directly by gamma spectroscopy to determine the total quantity of eac:h halogen present. Two such silver wool furnaces in tandem showed that the first silver wool . removed at least 990/o of the halogens present. The effluent from this system was then passed through an activated <harcoal trap and vented into a filtered hood. The second trapping system consisted of passing the gas phase (after it exited the Cambridge filter) into a 12.7 mm X 61 cm stainless steel U-tube ( Figure 1 ). This tube was packed with silanized Pyrexe glass wool and cooled at liquid nitrogen temperature. Each end of the tube was fitted with a high pressure valve. After smoking, the trap was closed and the exit of the cold trap was connected directly into the injection port of a Victoreen Model 4000 gas chromatograph. The oven was cooled to -195 °C and the exit valve of the trap opened and the trap coolant removed. The gas phase transferred mainly by distillation and the location of the labelled halogens was monitored externally by a GeigerMiiller detector. When the U-trap reached ambient temperature, a helium flow was started through the trap from the opposite end. The trap was warmed by a hot air gun to a temperature of approximately 150°C. After the transfer was completed, the gas duomatograph was then operated in a normal temperature-programmed manner.
Gas-Chromatographic Conditions:
A 7.60 m X 3.18 mm outside diameter column packed with Chromosorb 101 was used with a helium flow of 30 cm 3 /minute. The oven was temperature programmed from -195 °C to 280 °C at 10°/minute. The effluent from the column was carried directly to the radioactivity detector, bypassing all normal mass detectors as the mass quantities other than methyl chloride were too small to be detected.
Gas-Radiochromatographic Detection:
The column effluent was passed Wrecdy into a 10 cm 3 porportional counter (Lab. Dr. Berthold) operated at a 2200-volt potential. The output of the proportional counter was fed to a Hewlett-Packard scaler-timer (5201-L) and then to a digitized printer. The proportional detector measured the radioactivity quantitatively. Propane counting gas was metered into the inlet of the detector in a 1.4:1 propane:helium ratio. Overall dynamic counting efficiency was determined for each run using 14 C-acetone or 14 C-toluene injected into the gas chromatograph. This efficiency was then used to convert observed counts to the absolute quantities of raWoactivity. These data were always corrected to time of irradiation in order to obtain absolute values. For visual purposes, the signal was converted to a step-function analog signal and recorded on a 1 mV strip chart recorder, giving rise to a conventional gas radiochromatogram. Quantitative data were taken from the digitized printer.
Isotope Identification: The effluent from the proportional detector was fed into a 15.25 m coil of 3.18 mm outside diameter stainless steel tubing which was wrapped around a 7.62 cm Nal crystal (Harshaw) coupled with the appropriate high voltage supply and necessary amplification {Figure 1). Output was to a 200-channel (Packard) multichannel analyzer (MCA) with video display. Visual identifications for each radioactive peak that eluted from the gas chromatograph were easily seen as distinct gamma rays of known energies from the 18 Cl and 80Br. Energy calibration was by the use of 11 7Cs and "Co external sources.
Liquid and Solid Sample Radioactivity Measurements:
The Cambridge filter pads from the mainstream (MS-TPM) and sidestream (SS-TPM) were weighed and enclosed in close fitting polyethylene bags. These samples were counted directly on a Ge(Li) detector (Ortec) coupled to a 4,000-channel MCA (Ortec). Data output was by teletype. Calibration was by the use of TPM filter pads to which known amounts of activated NaCl and KBr had been added. Likewise, the silver wool and charcoal samples were analyzed and standardized by using known solutions in similar geometries.
Solvent Extraction Procedure:
The organohalogen and ionic halide contents on the TPM filter pads were assayed by placing the pad in question into a 10.16 cm X 9.5 mm outside diameter stainless steel tube ( Figure 2 ). One end of the tube was connected to a high pressure liquid chromatographic pump (Waters) from which the desired solvent was pumped under pressure at a flow rate of 3 mUminute. The effluent was passed through a 3.18 mm outside diameter stainless steel coil (7.6 m) wrapped around a Nal crystal (Harshaw). This was used to monitor the extractable raWoa.ctivity removed from the pad. Isooctane (BurWdt and Jackson) was used first, followed by acetone and then water. The organo· halogens were present in the isooctane fraction. Separate experiments using a gas-chromatographic determination for water showed that the normal water within the cigarette (120 mg) is removed with the acetone, carrying with it appreciable quantities of ionic halides. Extraction of pads containing a solution of activated NaCI and KBr showed no.removable activity by the isooctanc with a quantitative extraction of the ionic chloride and bromide in the acetone and water. Aliquots were collected, based on the Nal data on each solvent, and pre· cise activity determinations were measured employing the Ge(Li) detector .system. The extracted pads were recounted to determine any non-extracted radioactivity.
Tobacco, Paper, and Ash Analysis: Aliquots of the extracted irradiated tobacco column (butt), the cigarette paper and/or the ash were placed in 25 ml of H 2 0 and the halogen concentrations measured using the Ge(Li) detector system. Standardization was by direct comparison to known activated NaCl and K.Br solutions placed in the same geometrical configurations.
RESULTS AND DISCUSSION
The total smoke distributions from the 1Rl cigarette for chlorine and bromine are presented in Table 1 . In all cases through these experiments, the precision of the Figure 2 ). The partition data for spiked NaCl and NaBr onto a normal TPM filter are shown in Table 2 and demonstrate that less than 0.020/o of the ionic halides are removed in the isooctane. The acetone-water removed 97.5 Ofo and 2.5 0/o remained on the TPM pad.
Continued water extractions of the pad removed the remaining activity. The mainstream TPM pads from smoked irradiated cigarettes were extracted using the same procedure to determine the organohalogen and ionichalide contents.
The results are shown in Table 3 . The ionic chloride accounts for 88.60/o of the total chlorine and ionic bromide accounts for 86 Ofo of the total bromine. The correspond- Figure 2 , with the only change being an increase in the volume of the solvents. These results are listed in Table 4 , expressed as both J..tg of halide and as Ofo of the total element present. The cigarette residue is that amount of activity which remained after a total of 100 ml of water had been used as an extractant. In one series of extractions, the water volume was increased to 500 ml and the activity remaining in the tobacco was removed, indicating that this residue value is simply the remaining unextracted ionic halide. One question that comes to immediate attention is whether the chemical composition of the tobacco is altered during the neutron activation step. This, if occurring, would give rise to a series of compounds in smoke that may be artifacts of the technique. Several experiments were conducted where gas-chromatographic (flame ionization detector) smoke profiles for the mainstream gas phase and the volatile portion of the particulate phase from irradiated cigarettes were compared to those obtained from unirradiated cigarettes. No apparent differences in chemical compositions were observed. This supports the hypothesis that no major structural changes were effected within the cigarette by the irradiation, however, the question of recoil labelling of the dtlorine and bromine must be addressed. The chlorine atom, with a cross section of 0.43 barns, captures a neutron and then releases this excess energy as a capture gamma ray of 6.14 MeV energy. This released gamma ray imparts a recoil effect to the dtlorinc atom when it is emitted. This recoil is at a higher energy level than the dissociation energy of the carbon-dtlorine bond and, thus, should break the existing organochlorine bonds. If this is the case, then upon activation, any organodtlorine-containing molecules present in the tobacco (mainly pesticide residues) should have the carbon-chlorine bond broken. This should lead to either ionic dtloride being formed from the 38 Cl, or by a free radical interaction, either the recombining of the original compound or the formation of new organohalogen species. Our results on the irradiated cigarettes (Table 4) indicate that there still exists a quantity of 88 Cl-containing organic compounds present in the tobacco. To investigate this observation further, these data in Table 4 were compared to those for cigarettes where the organodtlorine was first extracted by isooctane, the volume of solvent concentrated, then irradiated to activate the chlorine. The results of this experiment are shown in Table 5 . The irradiated, then extracted tobacco value of 31.0 J..tg dtlorine/ cigarette is close to the total organochlorine values of 23.5 J.Lg obtained from the extracted, then irradiated cigarette. The similarities of the total amounts of organochlorine in these cigarettes, before and after neutron irradiation, indicate a possibility that we do in fact retain, by some unknown mechanism, the original organodtlorine structure after irradiation. The gas phases were analyzed by gas radiochromatography using an experimental system as shown in Figure 1 . Chemical identifications were made by comparison to known retention time data and by mass spectral ana·-lyses. Gas chromatography -mass spectrometry directly on cigarette smoke identified only the presence of methyl and ethyl dtloride. Further mass spectral analyses were not possible due to the low concentrations of the remaining chlorine and bromine-containing compounds. Chlorine-containing compounds In gas phase. The results of the mainstream and sidestream gas phase analyses are presented in Figures 3 and 4 . It must be emphasized that the total mainstream gas phase represents only 1.2 Ofo of the chlorine and only 0.9 Ofo of the bromine. Similarly, 4.30/o of the chlorine and 3.90fo of the bromine were found in the sidestream gas phase. These data (Figures 3 and 4) are plotted as J.lg of halide present versus individual chemical compounds. The compounds are listed in the order in which they elute from the gas chromatograph. Notice the absence of peak number 1 in the plots. This peak eluted very early from the GC, and was a pure beta emitter. This peak did not contain chlorine or bromine. Being only a beta emitter, no isotope identification was possible, but speculation is that this may be a lightweight sulfide. Methyl chloride (Figure 3) is by far the largest single component present in the mainstream and sidestream gas phase. It amounts to 76.40/o of the total MS gas phase and 31.30/o of the SS gas phase chloride. The value of 72.6 11g of methyl chloride in the mainstream gas phase represents a 1 Ofo transfer of chlorine from the cigarette as methyl chloride. This number is in excellent agreement with the value of 1.1 Ofo obtained by fohnson (6) using a GC separation of the methyl chloride and the subsequent trapping on charcoal, followed by .counting on a Ge(Li) detector. johnson (6) found a considerably lower sidestream gas phase yield of methyl chloride, indicating perhaps a loss occurring in his technique during the trapping on charcoal. Methyl bromide is the largest bromine-containing organic species eluted in both mainstream (27.90fo) and sidestream (16. 1'0/o) gas phases. Figures 3 and 4 also show the amounts of the unidentified remaining compounds that were eluted from the chromatograph. No identifications of these compounds were possible due to their low concentrations in both sidestream and mainstream gas phase. Bromine-containing compounds In gas phase. In an interpretation as to whether or not recoil labelling has affected the halogen chemical composition of the cigarette, the overall effect that such changes have on the smoke results must be considered. The results presented in this work have shown that considerably more organochlorine and organobromine are present in the total smoke than are present in the unlit cigarette and, therefore, must in a large part be conversion of ionic halides to organohalogens. The pyrolysis temperatures and the chemical composition of the smoke must be able to convert considerable quantities of ionic chloride and bromide to the corresponding organohalogens. This observation is in agreement with the results of fohnson (6) who also noted that the smoking of a cigarette converts chloride ion to methyl chloride in a direct relationship to the chloride content of tobacco. Therefore, any effect of recoil labelling to the major smoke products would be minimal in the light of such a large conversion . of ionic to covalent halogen. It is conceivable that small quantities of different halogenated organic compounds may be formed in part in the tobacco by the neutron activation and the subsequent effects of recoil of the atom. Obviously, this is not a large factor when methyl chloride and methyl bromide are considered. The combined sidestream and mainstream methyl chloride yield of about 175 11g of chlorine is over five times the organochlorine content of the unlit cigarette. The same analogy is true for the bromine with methyl bromide representing some five times the organo~ bromine present in the tobacco. Again, only the conver~ sion during smoking of ionic halide can account for these large amounts of organohalogens. The magnitude of any recoil labelling effects, therefore, would be of only minor importance to the major products methyl chloride and methyl bromine and of unknown import~ ance tO the remaining organohalogens in smoke. An interesting and important observation is that the sidestream and mainstream organohalogen chemical corn~ positions in the gaNhromatographicable portions of the gas phases are qualitatively identical. They differ only in the total quantities delivered. This is evidence that the smoke formation mechanisms that are taking place in converting the ionic halides to organohalogens are not dependent on any temperature differences that exist between puffing and static burning conditions. It would appear that these mechanisms, if temperature dependent, occur at some minimum temperature which is below either the static or dynamic temperature of the burning cigarette.
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SUMMARY
The mass balance for chlorine and bromine in the burn· ing 1R1 Kentucky reference cigarette has been determined using neutron activation analyses. Gas radiochro· matograpby has been used to measure dynamically the amounts of gamma-emitting isotopes as they elute from a gas chromatograph. The sidestream and mainstream gas phases which elute from a gas chromatograph appear to be qualitatively identical in their organohalogens, 
